Abstract This paper reports the relationship among pico-, nano-and microplanktonic communities observed in two different shallow marine hydrothermal environments. Seawater samples from five stations in the coastal area of the 'Porto di Levante' (Vulcano Island) and from three stations off the Island of Panarea (Eolian Islands, Italy) were collected in May and July of 1989, respectively. Microbiological investigations were carried out in order to determine the density of: (i) the total picoplankton (both autotrophic and heterotrophic): (ii) the total picophytoplankton (autofluorescent picoplanktonic cells); (iii) the larger phytoplankton (>2 \im): (iv) the 'metabolically active' cells of total picoplankton and cyanobacteria; (v) the heterotrophic aerobic bacteria. The peak values of picoplankton and picophytoplankton components, with an order of magnitude of 10* and 10' cells 1 ', respectively, were registered in the wannest water samples (30-75°C) collected from the Vulcano area. At Panarea. eukaryotic picophytoplankton and 'metabolically active" coccoid cyanobacteria showed an opposite trend. A possible competition between the two groups is to be considered. Cyanobacteria, diatoms and the genus Licmophora. in particular, were prevalent in the warmest hydrothermal vents of Vulcano. Nano-and microphytoplanktonic communities in the offshore waters of the Island of Panarea showed more variability than in Vulcano. Moreover, in the Panarea waters the prevalence of phytoflagellates above the thermocline was observed, whereas diatoms were predominant below this layer.
Introduction
Sieburth and Davis (1982) presumed the existence in marine ecosystems of a short, essential, composite, trophic chain inside the microbial community, which they called the 'microlitersphere'. This is a highly dynamic system more or less capable of autoregulation. Autotrophic, mixotrophic and heterotrophic microorganisms (Fogg, 1986a,b) belong to this community.
Some macromolecules released into the environment by the pico-nano-microplankton community were often found to be a specific stimulator or inhibitor in the dynamics of specific succession (Aubert, 1971) .
Direct count and plate count methods are generally used to enumerate cells in ecological studies of planktonic microorganisms. However, these methods do not allow the evaluation of the real number of 'metabolically active' microorganisms. In fact, these methods overestimate (direct count) or underestimate (plate count) the real number of 'metabolically active' cells living in marine environments (Kogure etai, 1979) . A new direct 'metabolically active' count was used by Kogure el al. (1987) in order to enumerate the living bacterial cells, using a simple incubation procedure of natural seawater with nalixidic acid and yeast extract under fixed conditions. . These islets are the remnants of a crater rim inside the caldera (Gabbianelli et al., 1986) .
At Panarea, all the numerous underwater gas discharges, sometimes associated with thermal waters, are fed by the same deep hot fluids with a deep geothermal body of ~240°C (Italiano and Nuccio, 1991b) and are marked by white snow-like deposits of colloidal sulphur. Methane is always present and the hot thermal waters contaminated by seawater, whose temperatures range from 32 to 53°C, show a general increase in the potassium, calcium, lithium and chloride concentration, and a depletion in magnesium and sulphates with respect to the marine water.
Our preliminary investigations regarded the microbiological characterization of hydrothermal environments in the Mediterranean Sea. At Vulcano, in the Porto di Levante, the peak values of picoplankton and picophytoplankton components were 10 9 and 10 7 cells I" 1 , respectively, during winter (Gugliandolo and Acosta Pomar, 1990 ). In the same survey, the values of biomass obtained by ATP measurement ranged from 275 to 9600 ng C I" 1 (Maugeri et al., 1990a) . Studies on bacterial communities, heterotrophic bacteria, thermophilic and chemolithotrophic bacteria emphasized the peculiar characteristics of the shallow hydrothermal environments (Prieur, 1989; Maugeri et al., 1990a Maugeri et al., , 1992 Gugliandolo, 1992; Gugliandolo and Maugeri, 1992, 1993) . Previous research carried out in hydrothermal environments at Vulcano and Panarea, studying isolated heterotrophic bacteria, showed the presence of thermophilic bacteria and bacteria belonging to the Pseudomonas stutzeri species, characteristic of highly unstable environments. The heterotrophic activity of bacterial populations in the waters at Vulcano was shown in the greater degrading capacity of the carbohydrates with respect to those of Panarea (C. Gugliandolo, personal communication) . Similar aspects of bacterial communities in deep-sea hydrothermal vents were observed (Prieur, 1989) . 
Method

Studied areas
Two different areas in marine hydrothermal vent ecosystems of the Eolian Archipelago (Sicily, Italy) were studied ( Figure 1 ).
Area A-Vulcano Island. Water samples were collected from two stations (VI and V2) located 50 m off Porto di Levante (Vulcano Island) and from three stations near the shore (V3, V5 and W6) (Figure 2 ) during May 1989. In this area, named Acque Calde, at the sea bottom sulphur gas and warm water continually flow upwards from small springs.
Area B-Panarea Island. In July 1989, seawater samples were collected from three offshore sites (PI, P2 and P3) between the Dattilo and Bottaro rocks (Figure 2 ) during the geochemical investigations of submarine volcanic exhalations carried out by researchers of the University of Palermo (Italiano and Nuccio, 1991b) . Samples were collected from surface to bottom down to 20 m. Station S was near a sulphur emission at the sea bottom (21 m).
Water temperature and pH were recorded for each sample. At Panarea, a salinity assay was performed according to Genovese and Magazzu (1969) . Samples were collected in sterile containers by a scuba diver. 
Abundance evaluation
In order to evaluate picoplanktonic fractions, seawater samples were pre-filtered through Nuclepore filters (2 u.m pore size).
Total picoplankton (TPP) . Duplicate slides were prepared from each sample by filtering 1 ml of pre-filtered seawater sample onto a 0.2 jim (pore size) Nuclepore filter, using DAPI as fluorochrome, with the technique described by Porter and Feig (1980) and modified by Maugeri et al. (1990b) .
TPP were counted using a Zeiss standard microscope equipped with a halogen lamp (Hg 100), 100x objective neofluor, 10x eyepieces, UV excitation (Zeiss filter set 487702) and an ocular micrometer grid; 100-200 cells were counted for each filter.
Picophytoplanktonic densities. Duplicate slides were prepared from each sample by filtering 20-30 ml of pre-filtered seawater onto 0.2 u,m (pore size) Nuclepore black membranes. The samples were counted using the same Zeiss microscope with blue excitation (Zeiss filter set 487709).
Under blue excitation, cyanobacterial cells were yellow-orange fluorescent (PPPo), whereas eukaryotic algae were deep red (PPPr) or green (PPPg) fluorescent; 100-200 cells were counted for each filter.
To evaluate the 'metabolically active' total picoplankton (TPP1) and 'metabolically active' cyanobacteria (PPPol), the methods of Kogure et al. (1979) and Maugeri etal. (1991) were used. These methods implicate a pre-incubation of the pre-filtered seawater samples with nalidixic acid (0.002% w/v) and yeast extract (0.025% w/v).
Heterotrophic aerobic bacteria evaluation. Plate counts of aerobic heterotrophic bacteria (PC) were determined using Marine Agar 2216 (Difco) medium. Plates, inoculated by the spread plate technique, were incubated for 7 days at 20°C.
Micro-and nanophytoplankton evaluation (MNP).
Seawater samples were fixed with buffered formalin (final concentration 1.3%). The quantitative analysis of phytoplankton was carried out according to the Utermohl method (1958) , after 48 h of sedimentation. The cells were counted using a Zeiss invertoscope with a 40x objective and 12.5x eyepieces under phase contrast.
For the taxonomic diatom determinations, nitric acid and potassium permanganate were utilized to remove organic matter from the samples (Guermeur, 1952) . The frustules cleaned with this procedure were mounted in a high-index refraction resin on glass slides, observed and photographed with a Leitz microscope in LM at phase contrast.
Results
Vulcano
At the Vulcano stations, temperature ranged between 25°C (W6 at 0 m) and 75°C (V3 at 0 m). In correspondence with the maximum values of temperature (75 and 50°C), the pH showed low values (4.8 and 5.5).
The biological parameters of Vulcano are reported in Table I . Total picoplankton densities were of the order of 10 8 cells H. Station V3 at 0 m reached a peak value of 10 9 cells I 1 . The coccoid cyanobacterial density (PPPo) ranged from 10 6 to 10 7 cells I" 1 , the highest value being at station 1 at 2 m. Picophytoplankters autofluorescing in green (PPPg), with well-defined chloroplasts (stations VI at 0 m, V2 at 0 and 2 m, V3 at 0 m and V5 at 0 m), varied between 10 5 and 10 7 cells I"
1
. On the contrary, in the remaining stations filamentous organisms (F) autofluorescing in green were abundant and not easily identifiable. 2.9 8.6 2.9 nd 1.6 3.2 4.2 4.6 0.1 nd TPP = total picoplankton; TPP1 = 'viable' total picoplankton; %TPP1 = percentage of 'viable' total picoplankton; PPPo = picophytoplankton autofluorescent in orange (coccoid cyanobacteria); PPPol = 'viable' coccoid cyanobacteria; % PPPol = percentage of 'viable' coccoid cyanobacteria; PPPg = picoplankton autofluorescent in gTeen; NMP = nano-microplankton; PC = heterotrophic aerobic bacteria; F = non-identifiable filamentous organisms autofluorescent in green.
These organisms were able to pass through the 2 |xm (pore size) filter, without any distinguishable intracellular wall and presented a very intertwined filamentous organization (Table I) . At Vulcano, the 'metabolically active' total picoplankton (TPP1) reached percentage values ranging from 8.4% (station V2 at 2 m) to 85.2% (station VI at 0 m) of the TPP (Table I ). The same treatment used to test the 'living' coccoid cyanobacteria showed that at station W6 (0 m) the coccoid cyanobacteria were not sensitive to the treatment, while at station Wl (5 m), the cyanobacteria capable of dividing themselves reached 37.9%.
Heterotrophic bacteria growing on Marine Agar showed concentrations between 10 3 and 10 5 c.f.u. I 1 . Lower concentrations were observed in correspondence to the stations with lower temperatures.
The 'metabolically active' total picoplankton (TPP1) were generally two or three orders of magnitude greater than heterotrophic picoplankton with growing capacity on Marine Agar (Figure 3) .
The cellular density of larger phytoplankton is indicated in Table I . At Vulcano, phytoplankton densities ranged from 10* to 10 5 cells I"
. Diatoms were predominant. An equal number of unidentified and very tiny phytoflagellates was observed at station VI (5 m).
The genus Licmophora Ehr. prevailed inside the diatom class. At station W6 (1 m), where the maximum density of phytoplankton was observed (3.7 x 10 5 cells H), Licmophora represented almost the entire phytoplankton. An increase in the latter genus was also noted near the hydrothermal springs and this could be related to the shallow depth and proximity of the coast. Licmophora showed a high degree of adaptability in the hot water springs rich in salts and sulphur particles. The following diatoms were identified: Striatella interrupta (Ehr.), Striatella unipunctata (Lyngb.) Heib., Grammatophora marina (Lyngb) Klitz., Synedra toxonoides var. curvata (Ostr.) Hust., and species belonging to the genera Nitzschia Hass., Amphiprora Ehr., Navicula Bory, Cocconeis Ehr., Fragilaria Lyngb., Amphora Ehr., Mastogloia W. Sm. and Chaetoceros Ehr.
Other phytoplankton taxa were found to be few in number at Vulcano, i.e. Euglena sp., small phytoflagellates, some Dinophyceae and numerous cyanobacteria; coccoid and filamentous bacteria and fungi were also observed.
Panarea
Temperatures registered at the Panarea stations ranged between 21.9 and 46°C (maximum at station S). At all stations, the thermocline occurred under 12 m in correspondence with the pycnocline (Figure 4 ) and the submarine volcanic exhalation was not able to influence the summer stratification.
The biological parameters studied off the Island of Panarea are reported in Table II .
The total picoplankton cellular densities were of the order of 10 s cells I" 1 on average, reaching a maximum value at station PI (14 m) and at station P2 (8 m).
The minimum values were observed at station P2 (0 m).
The coccoid cyanobacteria in this area reached values between 10 7 and 10 6 , with maximum densities at stations P3 (21 m) and P2 (14 m).
Picoplankton organisms with well-defined chloroplasts and autofluorescing in red were noted only along the water column of station P2 (K^-IO 6 cells I" Incubation with nalidixic acid and yeast extract revealed that the picoplankton organisms in this area were living in percentages ranging from 1% (station P3 at 6 m) to 40.5% (station PI at 7 m).
Plankton in hydrolhermal coastal environments
The same treatment showed that coccoid cyanobacteria were 'metabolically active' in concentrations varying between 20% (station P3 at 0 m) and 100% (station P2 at 0 m).
It must be pointed out that when the percentage of the 'metabolically active' coccoid cyanobacteria (PPPol) was higher, the eukaryotic picoplankton (PPPr) were not observed ( Figure 5 , Table II) .
Viable counts in heterotrophic aerobic bacteria showed a maximum value (1.09 x 10 6 c.f.u. I' 1 ) at station P3 (18 m). The total 'metabolically active' picoplankton (TPP1) was 1-3 orders of magnitude greater than heterotrophic aerobic picoplankton with growing capacity on Marine Agar (PC) (Figure 6 ). The latter became more abundant below the thermocline, reducing the difference to only one order of magnitude.
Undefined small phytoflagellates prevailed in this area. Dinophyceae (Ceratium fusus (Ehr.) Duy.) and Haptophyceae (Ceratholitus cristatus Kampt. and Rhabdosphaera sp. Haeck.) were scarcely represented at Panarea. A net increase in diatoms which predominated at greater depth at stations P2 and P3 was observed below the thermocline. In this layer, the abundance of larger phytoplankton reached maximum values (1-1.2 x 10 5 cells I" 1 ) ( Figure 7 ). Chlorophyceae in palmelloid state, Cyanophyceae, fungal spores and ciliated Protozoa were also observed. Table III reports the floristic list of diatoms.
Discussion
At Vulcano, the TPP densities reached values comparable to those registered at deep hydrothermal environments in the Eastern Pacific, considered to be 'extreme' due to their physicochemical conditions (high temperatures, low pH values and high H 2 S concentrations), where a rich and differentiated microbial population was revealed (Prieur, 1989) . In fact, at Vulcano, the TPP concentrations were one order of magnitude greater than the values observed in the neritic and pelagic waters of the Eolian Archipelago (Acosta Pomar, 1989) . The percentage of total 'metabolically active' picoplankton (TPP1) can also represent a 'metabolically active' fraction of the picoplankton biomass in this environment. The fraction of picoplankton insensitive to nalidixic acid treatment could be considered as 'metabolically inactive' or in a 'sleeping' state, as demonstrated by many authors for other studied marine environments in general (Kogure et al., 1979 (Kogure et al., ,1980 (Kogure et al., ,1987 Maugeri et al., 1991 Maugeri et al., ,1992 and, in particular, environments such as those in Antarctica (Acosta Pomar, 1992) .
At Vulcano, the 'metabolically active' picoplankton (TPP1) are more abundant than at Panarea, even if the total number observed in Panarea can reach the same orders of magnitude.
This can be related to the nature of the antibacterial agent used and with the 'more extreme' conditions of Vulcano (Kogure et al., 1979) . This would also show the high productivity rate at Vulcano, as verified in a previous study (Gugliandolo and Acosta Pomar, 1990) , where this productivity is mainly supported by highly specialized sulphur-oxidizing chemolithotrophic bacterial communities, distributed according to their peculiar ecophysiological characteristics (Gugliandolo and Maugeri, 1993) .
The concentrations of coccoid cyanobacteria in both areas are similar to those registered in temperate waters, and in other marine and brackish environments. On the contrary, the composition and distribution of the remaining picoplankton vary. At Vulcano, the eukaryotes found can be traced to cellular forms (autofluorescent in pale green) which are not in excellent condition, as described by other authors for other environments (Booth, 1987) , whereas at Panarea, the picophytoplankton eukaryotes with well-defined chloroplasts, autofluorescent in red, can be attributed to active organisms (Murphy and Haugen, 1985; Glover, 1986; Shapiro and Guillard, 1986; Booth, 1987) . At Vulcano, an unidentified filamentous population, intertwined and autofluorescent in green (BP 450-490, FT 510, LP 500), was also observed. These organisms could be related to a new thermophilic filamentous photosynthetic bacterium (2-6 n.m long; strains MD-66 and YI-9) isolated from Meolobuchi hot springs (57°C, pH 7) and from Yufuin hot springs (67°C, pH 8.2) in Japan (Hanada etal., 1994) . The most remarkable property of these Japanese aggregate strains is the ability to form bacterial mat-like dense aggregates with absorption spectrum maxima at 464, 740, 803 and 868 nm, and a shoulder at around 510 nm. In both environments, it was possible to evaluate the dividing capacity of the coccoid cyanobacteria, as already demonstrated for other marine environments (Maugeri et al., 1991) , where the validity of the microspectrofluorimetric method for the coccoid cyanobacteria was also verified (Acosta Pomar, 1992; Maugeri et al., 1992) according to the technique described by Baguet and Zietz-Nicolas (1979) . In fact, a decrease in eukaryotic picophytoplankton with well-defined chlo-roplasts corresponds to a greater vitality of coccoid cyanobacteria ( Figure 5 , Table II ).
The larger phytoplankton are clearly different in the two environments. At Vulcano, generally, the larger phytoplankton were mainly composed of diatoms with a prevalence of the benthic species, such as Licmophora, having a more accentuated presence in warmer spots.
On the other hand, the phytoplankton performance at Panarea was similar to that of the neritic open seawaters in the Eolian Islands; in fact, here it showed a greater specific variety, even though in more modest quantities, and phytoflagellates mainly prevailed over diatoms.
In the context of the complex hydrodynamics of the Eolian Archipelago, the influence of the gases and the hydrothermal vents is rapidly eliminated. This phenomenon, despite the vast area in question, is even more efficient at Panarea as the area studied relative to the hydrothermal vents is situated in a deeper zone in open sea.
The studied areas can be considered shallow hydrothermal environments with more extreme characteristics near the shore in the bay of Vulcano. At Panarea, the picoplankton and larger plankton communities were similar to the other neritic environments of the Eolian Archipelago (Faranda, 1985; Acosta Pomar, 1989) .
The abundant microflora in the warmer waters of Vulcano near the springs lead us to consider this area as a very interesting source of microbial biomass such as the deep hydrothermal vent (Prieur, 1989) .
Spatial changes in abundance and in composition given by the planktonic communities taken into consideration seem to be related to temperature, pH and pycnocline, and therefore to competition inside the different size fractions. Pico-, nano-and microphytoplankton appear complementary.
